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GranitoidsThe 618 Ma Curral de Cima tonalite and 577 Ma Lourenço monzodiorite, northeastern Brazil, are magmatic
epidote-bearing plutons that carry ferrohornblende, biotite, titanite, and epidote. Major, trace, and isotope
chemistry suggests that the major magmas of the two plutons followed similar differentiation trends but
derived from source rocks that differed in age and isotopic composition. The mineral phases of the Curral de
Cima tonalite, the presence of amphibole-rich clots, and juvenile component (average εNd=−3.55) point to
an I-type source for these rocks. These data and high calculated δ18O(w.r.) (10.0‰) for the tonalite and high
δ18O value for a clot (9.3‰) argue that the clots are fragments of a metabasaltic source rock that has been
hydrothermally altered at a low temperature. In contrast, average calculated δ18O(w.r.) for the Lourenço
monzodiorite =7.8‰, 87Sr/86Sr=0.7083, εNd=−14.6, and TDM=1.92 Ga. These data are compatible with a
long crustal residence time of lower crust amphibolites source. Epidote in the Curral de Cima pluton
crystallized close to the NNO buffer, and hornblende chemistry, due to Al reequilibration, yielded sub-solidus
temperature and pressure. In contrast, in the Lourenço pluton epidote crystallized close to the HM buffer and
Al-in-hornblende points to near-solidus solidiﬁcation (685 °C) around 4.4 Kbar. This study conﬁrms that
magmatic epidote in granitic plutons can crystallize at pressures lower than 5.5 Kbar under higher fO2 as
experimentally foreseen. Rapid magma transportation through hot continental crust during the peak of
metamorphism in early stages of an orogenic cycle prevents epidote dissolution.. Acadêmico Hélio Ramos s/n,
fax: +55 81 2126 8243.
ial@ufpe.br (A.N. Sial),
trong@anu.edu.au
za), ignez@ufpe.br
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Experiments by Naney (1983), who demonstrated that epidote
can be stable above the solidus in granites and granodiorites and that
its crystallization occurs at 6–8 kbar pressure, have stimulated great
interest in magmatic epidote in granitic rocks. The two most
important advances in the study of magmatic epidote and its
signiﬁcance have been published in the same year: (a) experimental
studies have demonstrated that the minimum crystallization pressure
of magmatic epidote depends on fO2 (Schmidt and Thompson, 1996)
and (b) epidote dissolution in granitic magmas is relatively rapid and
the survival of this mineral in calc-alkalic granitoids implies rapid
upward transport (Brandon et al., 1996).Sial et al. (2008) used the epidote dissolution rate and initial size of
partially corroded epidote grains to estimate the minimum speed of
upward magma migration. Epidote in slowly rising magma, as in
diapiric emplacement, may be totally resorbed before the ﬁnal
crystallization of the magma. If magma migrates rapidly (i.e. by
diking), epidote grains can maybe partially preserved. Thus epidote
may provide useful information about oxygen fugacity, pressure of
solidiﬁcation, and ascension rates of magmas (e.g., Sial et al., 2008 and
references therein).
Pressures of solidiﬁcation of magmatic epidote-bearing granitoids
in the Cachoeirinha–Salgueiro belt, northeastern Brazil, are in the
range of 6 to 9 kbar, whereas for plutons from the Seridó belt,
pressures of crystallization are 3 to 5 kbar (Sial, 1993; Sial et al., 1999).
At these lower pressures, the pistacite contents of epidote are 27–29
mole%, whereas at the higher pressures, pistacite is 20–24 mole%.
Magmatic epidote-bearing granitic plutons have not been extensively
studied elsewhere in northeastern Brazil except for isolated examples
such as the Coronel João Sá granodiorite (e.g. Long et al., 2005) and the
São Rafael granodiorite (e.g., Sial et al., 1999; Ferreira et al., 2003).
Geologic mapping by Brito Neves et al. (2008) in the easternmost
Fig. 1. Simpliﬁed geological map of the Guarabira region, State of Paraiba, northeastern Brazil, showing the two studied plutons, Lourenço and Curral de Cima. Modiﬁed after Santos
et al. (2002) and Brito Neves et al. (2008). The location map is a geological draft of the Borborema province, northeastern Brazil, emphasizing major shear zones and Neoproterozoic
plutons (in black). Legend: Paleoproterozoic: 1 = gneiss, migmatite, marble, quartzite (Serrinha–Pedro Velho complex); Mesoproterozoic: 2 = metagranitoid, migmatite (Cariris
Velhos suite); 3 = muscovite biotite gneiss, biotite gneiss, muscovite schist (São Caetano complex); Neoproterozoic: 4 = garnet biotite schist, cordierite biotite schist (Seridó
Formation), 5 = two mica granodiorite, 6 = tonalite (Curral de Cima pluton), 7 =monzodiorite (Lourenço pluton); Mesozoic: 8 = volcanic felsic rocks; Cenozoic: 9 = sedimentary
cover.
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revealed the presence of petrographically similar magmatic epidote-
bearing granitic plutons.
In this study of two of them, the Lourenço and Curral de Cima
plutons (Fig. 1), we present petrographic and geochemical data (bulk
and mineral chemistries, oxygen, Sm–Nd and Rb–Sr isotopes) that
constrain their evolution and emplacement. We show that these
plutons, which are located only a few kilometers apart, derived from
distinct magmas that experienced different evolution, and crystallized
under different P-T conditions.
2. Geologic setting
Two continental-scale E–W-trending shear zones (Patos and
Pernambuco) and associated NE–SW-trending shear zones divide
the Borborema structural province into suspected tectonostrati-
graphic terranes. The major features of this province developed
during the Meso/Neoproterozoic transition (the 1.1–0.95 Ga Cariris
Velhos orogenic event), and at the end of the Neoproterozoic (the ca.
0.70–0.55 Ga Brasiliano orogeny) (Santos et al., 2010). Movement
along the shear zones began at around 0.59–0.58 Ga. Flat-lying
foliation developed during the early Brasiliano orogeny, changing to
high-angle foliation toward the end of the orogeny. A large volume of
Neoproterozoic intermediate to acidic magma was emplaced into the
crust at 0.65–0.56 Ga, during the Brasiliano event, the major
tectonothermal Borborema event.
Granitic magmatism in the Transversal Zone domain, the region
between the Patos and Pernambuco shear zones, occurred in the
intervals 0.65–0.62 Ga, 0.59–0.57 Ga, and 0.54–0.52 Ga (Ferreira et al.,
1998, 2004; Guimarães et al., 2004). The oldest is characterized by
intrusions of syn-kinematic high-K calc-alkalic, calc-alkalic, and
shoshonitic granitoids with TDMb2.0 Ga and εNd from ca. −2 to
−14, characterized by the presence of magmatic epidote and rapid
rate of magma ascent (Sial et al., 2008). Identiﬁed with the 590–570 Ma time interval are abundant intrusions of magmatic epidote-
free high-K calc-alkalic magmas, and peralkalic, metaluminous high-K
syenitic, unique ultrapotassic, and rare shoshonitic magmas, for which
TDM ages vary from ca 1.5 to 2.5 Ga, and εNd from ca. −8 to −20.
Peralkalic and rare A-type magmas (TDM 2.0–2.3 Ga) mark the end of
the Brasiliano cycle. Outside the Transversal Zone domain, Neopro-
terozoicmagmatic epidote-bearing granitoids also occur in the Seridó,
Riacho do Pontal, and Macururé terranes of the Borborema province
(Sial et al., 1999).
3. Field relationships and petrography
The Lourenço pluton intrudes the southern portion of the Alto
Pajeú terrane, adjacent to its boundary with the Alto Moxotó terrane.
The NNE-trending elongate body occupies ca. 170 km2 and intrudes
paragneisses and migmatites assigned to the São Caetano Complex
(Gomes and Santos, 2001). Trends of regional foliation curve around
the pluton, suggesting late-tectonic emplacement relative to the main
stage of Brasiliano deformation. Most of the pluton presents NE–SW-
trending magmatic foliation marked by sub-parallel feldspar and
amphibole crystals, along which elongate 0.2 up to 5 m long quartz
dioritic enclaves occur. Many of these typical co-magmatic enclaves
have sharp contacts with the host pluton, with interﬁngered or
rounded contours. Both enclaves and host rocks are locally cut by
veins and dikes of pegmatite up to 1 m wide.
Major rock types are porphyritic to equigranular medium-to
coarse-grained monzodiorite to monzonite with plagioclase (An17–25)
and K-feldspar (Or87–89Ab13–11) megacrysts up 4 cm long in random
orientation in a medium-grainedmatrix. Major phases are amphibole,
biotite, titanite, apatite, zircon, allanite, and epidote (Fig. 2A).
Plagioclase is euhedral to subhedral with inclusions of amphibole or
biotite, and many grains display myrmekite intergrowths. Amphibole
occurs as subhedral megacrysts nearly as large as feldspars; it can also
form millimeter-size clots in association with biotite.
Fig. 2. Epidote from the Curral de Cima (A) and Lourenço (B) plutons under crossed
nicols.
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Sertânia Complex, which is adjacent to the Patos shear zone at the
northern limit of the Alto Pajeú terrane. The northern part of the
pluton is strongly sheared and cut by narrow mylonitic bands
trending 30–40°Az, with kinematic indicators of sinistral movement
(i.e., emplacement was pre-kinematic). The pluton is composed of
mesocratic, medium-grained, equigranular, hypidiomorphic quartz
diorite to leucocratic tonalite that commonly contains elongate
amphibole-rich clots up to a few cm long with cuspate terminations
that are parallel to the magmatic ﬂow foliation (85°–100°Az). Small
rounded clots, up to 2 cm diameter, also occur although in this pluton
there is no preferential distribution of clots. Clots tend to have
granoblastic texture with grain boundaries sometimesmeeting at ~120°.
The Curral de Cima quartz diorite to tonalite contains plagioclase
(An24–48), quartz, microcline (Or92–98Ab8–2), biotite, pale green
amphibole, titanite (much of it altered to opaque minerals), epidote,
and zircon, in descending order of abundance. A few plagioclase
grains in some samples show secondary chlorite, white mica, and
calcite; a few show saussuritization with formation of secondary
epidote. Amphibole occurs either as euhedral to subhedral crystals
showing pale green to brownish green pleochroism, or as pale green
weakly pleochroic crystals forming cm- to mm-size, randomly
distributed clots. Primary epidote occurs as subhedral crystals
partially enclosed by biotite (Fig. 2B).
4. Analytical procedures
Whole-rock major and some trace element chemical analyses were
performed by XRF at the Department of Geology, Federal University of
Pernambuco, Recife, Brazil, using fused disks and applying the standard
method of calibration curves prepared from certiﬁed reference
materials. REE analyses were done by ICP-OES at the SDS-Geosol
Laboratory, Belo Horizonte, Brazil. Table 1 lists representative whole-
rock chemical analyses for the Lourenço and Curral de Cima plutons.
Major minerals and some accessory phases of the plutons were
analyzed by electron microprobe at the Institute of Geosciences of theUniversity of São Paulo, Brazil, using a Superprobe JEOL JXA-8600
equipped with WDS, with a current of 20.1 μA and 15KV, with a
diameter of the beam=5 μ . Structural formulae of amphibole are
calculated on the basis of 23 oxygens and 13 total cations, minus Ca, Na,
and K. Tables 2 and 3 contain some representative chemical analyses.
SHRIMP U–Pb zircon data were determined on non-magnetic
fractions of zircon from the Lourenço monzodiorite and Curral de
Cima tonalite. Zircon grains were separated using standard crushing,
Wilﬂey table, magnetic separator, and heavy liquid separation. Zircon
concentrates were cleaned using concentrated HF acid followed by
H2SO4 acid. Zircon grains from each sample weremounted as a single-
crystal layer in epoxy disks and polishedwith 3 μmand 1 μmdiamond
to give a scratch-free surface. U–Pb isotope ratios were determined
using a SHRIMP II at the Research School of Earth Sciences, Australian
National University, at Canberra, Australia. Individual analytical spots
for the SHRIMP analyses were typically about 20 μm in diameter. The
analyses were carried out in core-free and overgrowth-free areas of
individual crystals. In order to optimize the number of grains
analyzed, each grain was mass-scanned four times and the standard
analyzed after every group of seven sample grains. This yields
somewhat lower precision for each grain, but allows analysis of a
greater number of grains and more representative population
statistics. The raw data were corrected for non-radiogenic Pb using
204Pb as a monitor and the composition of Broken Hill Pb (a common
contaminant in Australian labs) to correct for non-radiogenic 206Pb,
207 Pb, and 208Pb. The data were also processed to reﬁne the common
Pb correction by assuming concordance between the 207Pb/235U and
206Pb/238U ages (so-called “207-corrected” data). The 207Pb/235U and
206Pb/238U data from 204-corrrected analyses were plotted on
conventional concordia diagrams using the software ISOPLOT.
Sr isotopic analyses were performed at the Geochronology
Laboratory of the University of Brasília, Brazil. Rb and Sr concentrations
were obtained with a fully automated Rigaku RIX-3000 XRF spectrom-
eter at the Federal University of Pernambuco. Approximately 50 mg of
powdered rock samples were dissolved in concentrated HF, HNO3 and
HCl. Sr aliquots were separated from the solutions using conventional
exchange techniques and deposited on Re ﬁlaments. Isotopic analyses
were carried out with a multicollector Finnigan MAT-262 mass
spectrometer on static mode. Corrections for mass fractionation were
done using 88Sr/86Sr of 8.3752. 2σ errors are smaller than 0.01% for the
87Sr/86Sr ratios and of ca. 1% for the 87Rb/86Sr ratio. Sm–Nd isotopic
analyses followed the method described by Gioia and Pimentel (2000)
andwere carried out at the Geochronology Laboratory of the University
of Brasília. Whole-rock powders (ca. 50 mg) were mixed with 149Sm–
150Nd spike solution and dissolved in Savillex capsules. Sm and Nd
extraction of whole-rock samples followed conventional cation
exchange techniques, using Teﬂon columns containing LN-Spec resin
(HDEHP–diethylhexil phosphoric acid supported on PTFE powder). Sm
and Nd samples were loaded on Re evaporation ﬁlaments of double
ﬁlament assemblies and the isotopic measurements were carried out
on a multi-collector Finnigan MAT 262 mass spectrometer in static
mode. Uncertainties for Sm/Nd and 143Nd/144Nd ratios are better than
±0.4% (1σ) and±0.005% (1σ) respectively, based on repeated
analyses of international rock standards BHVO-1 and BCR-1. 143Nd/
144Nd ratios were normalized to 146Nd/144Nd of 0.7219 and the decay
constant used was 6.54×10−12 a−1.
For oxygen isotopic analysis, zircon, titanite, amphibole, biotite
and quartz separates were concentrated from several kilograms of
sample using standard procedures including initial crushing, gold
panning, sieving (300 μm mesh), heavy liquid and Frantz magnetic
separations. Final hand picking under a binocular microscope ensured
purity of mineral separates. Zircon separates were cleaned in cold
hydroﬂuoric acid followed by cold sulfuric acid. Only the least
magnetic fraction of zircon was analyzed. Oxygen isotope ratios of
1–2 mg mineral separates (2–3 mg for zircon) were analyzed by laser
ﬂuorination at the Stable Isotope Laboratory, Department of
Table 1
Representative chemical analyses of rocks from the Lourenço monzodiorite (samples loure) and enclaves (samples Eloure), and Curral de Cima tonalite (samples ccima).Major
elements in wt.%, trace elements in ppm.
loure 3 loure 5 loure 7 loure 9 loure 19 loure 30 loure 40 loure 48 Eloure 5 Eloure 6 ccima 2 ccima 3 ccima 4 ccima 5 ccima 6 ccima 7 ccima 8
SiO2 60.27 59.11 59.29 59.04 61.98 62.26 63.03 62.34 52.93 51.31 66.4 66.24 67.64 66.7 64.94 68.04 68.06
TiO2 1.11 0.96 0.99 1.05 1.01 0.91 0.95 0.92 1.22 1.54 0.61 0.82 0.75 0.65 0.9 0.71 0.68
Al2O3 15.57 15.94 15.96 15.79 16.6 16.31 16.25 16.43 17.57 14.91 16.77 16.03 16.51 16.33 16.32 15.17 16.08
MgO 3.46 3.59 3.58 3.67 3.53 3.51 3.39 3.35 3.51 6.63 2.37 2.04 1.95 2.38 2.57 2.24 2.14
MnO 0.09 0.08 0.09 0.09 0.08 0.09 0.09 0.08 0.1 0.15 0.06 0.08 0.06 0.07 0.09 0.07 0.06
CaO 4.96 4.04 4.87 4.75 4.38 4.55 4.32 4.39 5.16 6.63 3.42 3.19 2.32 3.41 4.08 3.11 3.26
Na2O 4.51 3.8 4.49 4.38 4.34 4.25 4.15 4.24 4.6 3.61 3.36 2.84 3.66 3.59 2.87 2.94 3.33
K2O 2.8 3.92 2.36 2.63 2.89 2.73 3.08 3.13 3.86 3.08 3.1 3.3 3.08 2.68 2.71 3.81 3.19
P2O5 0.46 0.49 0.47 0.49 0.45 0.44 0.4 0.42 0.9 0.73 0.12 0.15 0.14 0.12 0.17 0.13 0.12
Fe2O3T 6.19 6.22 6.31 6.46 5.69 6.01 5.71 5.61 8.06 9.13 4.23 5.72 4.09 4.15 5.87 4.65 4.06
P.F 0.62 0.82 0.74 0.73 0.68 0.49 0.58 0.52 0.58 1.18 0.74 0.97 1.54 1.18 1.36 0.75 0.54
Total 100.03 98.98 99.14 99.09 101.62 101.55 101.94 101.43 98.48 98.9 101.18 101.38 101.73 101.26 101.87 101.62 101.52
Cr 136 190 172 164 66 89 68 73 54 245 72 131 84 95 116 107 68
Ni 54 76 50 54 25 27 32 23 22 119 18 30 13 16 40 20 12
Ba 1998 2729 1355 1536 1828 1592 2019 2470 2636 1828 803 596 731 712 492 893 691
Rb 59 89 64 73 70 73 72 63 84 88 97 106 106 83 95 100 98
Sr 1128 1138 1157 1155 1126 1101 1126 1213 1137 776 399 285 329 385 344 328 384
Zr 317 288 308 312 268 289 282 286 340 287 181 207 189 166 196 165 183
Nb 27 10 18 17 16 13 14 14 21 16 9 5 11 7 9 6 6
Y 26 19 19 19 18 19 20 18 22 19 20 26 20 19 24 21 20
La 41 58 40 24 27 32
Ce 69 107 53 35 54 52
Nd 21 35 12 11 22 21
Sm 2.9 4.0 1.4 1.6 3.7 3.2
Eu 0.8 1.3 0.3 0.4 0.9 0.7
Gd 2.0 3.6 0.9 1.4 3.5 2.6
Dy 0.6 1.5 0.1 0.3 1.7 0.9
Ho 0.1 0.2 0.1 0.1 0.1 0.1
Er 0.3 0.7 0.1 0.2 0.9 0.4
Yb 0.2 0.5 0.1 0.1 0.5 0.2
Lu 0.0 0.1 0.0 0.0 0.1 0.0
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Isotope Laboratory (LABISE), Department of Geology, Federal Univer-
sity of Pernambuco, Recife, Brazil. Oxygen was liberated by reaction
with BrF5, reacted with hot graphite, and converted into CO2 for mass
spectrometer analysis and ratio data corrected following the proce-
dures described by Valley et al. (1995). Results are reported in
standard permil notation relative to Vienna Standard Mean Ocean
Water (V-SMOW). Precision is better than±0.1‰. Table 4 presents
Sm–Nd, Rb–Sr, and O isotope data.
5. Whole-rock chemistry
The two plutons contrast sharply in concentrations of most major
and minor elements and, although the trends are similar, they are
easily separable on co-variation diagrams. The Curral de Cima quartz
diorite to tonalite are high-K calc-alkalic rocks notable for their
homogenous chemical compositions; they have higher silica contents
(64–68%) than the Lourenço monzodiorite, and lower contents of
MgO (~2.3%), CaO (~3.3%), TiO2 (~0.7%), P2O5 (~0.14%), Ba (~500 to
900 ppm), Sr (285 to 385 ppm), Zr (165 to 200 ppm) contents. Rb/Sr
ratios (0.22 to 0.38) are slightly higher than in the Lourenço pluton,
but all such ratios are very low. These rocks are peraluminous, in spite
of the presence of modal biotite, amphibole, and titanite. It is known
that granitoids of mixed or mantle origin can acquire peraluminous
composition after amphibole fractionation, volatile interaction, or
pelitic rock assimilation (Barbarin, 1999).
In contrast, Lourençomonzodiorites are metaluminous, high-K calc-
alkalic rocks according to Peccerilo and Taylor (1976) classiﬁcation
(Fig. 3G); the enclaves of the Lourenço pluton are diorites that present
high K2O contents (average 3.3%) relative to their silica contents
(average 51.7%). In the host rock, SiO2 varies from 59 to 65 wt.%, with
high alkali compared to CaO (K2O+Na2O around 7%; CaO average
4.3%), andmoderateMgO (average 3.3%). Rb concentrations range from59 to 89 ppm,with high Ba (1355 to 2729 ppm), Sr (1101 to 1213 ppm)
and Zr (268 to 317 ppm). Rb/Sr ratios are very low for both host
monzodiorite (0.05 to 0.09) and dioritic enclaves (0.07–0.12), typical of
magmas with a signiﬁcant mantle-derived component.
In most variation diagrams, compositions of the two plutons form
slightly overlapping but distinct trends. The trends in Harker-type
diagrams (Fig. 3) are negative between silica and all oxides except for
K2O and Al2O3, and suggest crystal fractionation as the major
controlling process. Correlations of P2O5 and TiO2 with SiO2 clearly
point to different sources for the twomagmas, in which early saturation
of apatite and zircon occurred, as suggested by decreasing P2O5 and Zr
abundance with increasing silica. Although as a whole the chemical
variation trends of the two plutons seem to constitute a single trend,
with Curral de Cima data being more silica-rich, signiﬁcant differences
in concentrations of some trace elements may be related either to
varied degrees of fractionation from the corresponding magma, or to
inheritance from the source. For example, Sr contents areb400 ppm
and Bab1000 ppm in the Curral de Cima pluton,whereas SrN1100 ppm
and BaN1300 ppm in the Lourenço monzodiorite.
Variations of SiO2 (and most other oxides) are very restricted in
the Lourenço dioritic enclaves, with no correlation with compositions
of the host monzodiorite, suggesting that the twomagmas did notmix
even though ﬁeld evidence indicates that they coexisted as magmas.
Mixing occurs only with a high abundance of maﬁc magma, whereas
enclaves form when the hotter, more maﬁc magma makes up less
than 30–40% of the melt (e.g., Frost and Mahood, 1987).
Similar (overlapping) REE for the two plutons show LREE
enrichment compared to HREE, with slightly negative to positive Eu
anomaly (Eu/Eu*=0.86 to 1.1) (Fig. 3I). Curral de Cima rocks are
slightly more fractionated (and also with higher silica) than Lourenço
rocks. The absence of deep Eu anomalies can be explained by high
oxygen fugacity that is also suggested by the coexistence of titanite+
quartz (Wones, 1989).
Table 2
Representative microprobe chemical analyses of amphiboles from the Lourenço monzodorite (loure) and Curral de Cima tonalite (ccima) and amphibole-rich clots (ccima clot).
Temperature in °C calculated after Blundy and Holland, 1990 (B&H,1990) and Holland and Blundy, 1994 (H&B, 1994); pressure in kbar calculated after Anderson and Smith, 1995
(A&S, 1995) and Schmidt, 1992 (S, 1992).
Sample loure
40
loure
40
loure
11
loure
11
loure
19
loure
19
ccima 7 ccima 7 ccima 7 ccima 7 ccima 7 ccima 7 ccima
clot 7
ccima
clot 7
ccima
clot 7
ccima
clot 7
Location Core Rim Core Rim Core Rim Rim Core Core Core Core Core Core Core Core Core
SiO2 45.88 46.73 46.38 44.25 45.46 46.87 48.40 48.80 48.58 48.76 48.77 48.40 49.24 50.65 49.49 53.02
TiO2 0.47 0.35 0.77 0.77 1.16 0.52 0.78 0.70 0.82 0.57 0.59 0.76 0.33 0.16 0.49 0.16
Al2O3 7.96 7.52 8.27 9.73 8.90 8.08 6.57 6.55 7.41 6.71 6.12 7.39 5.64 5.07 5.95 3.45
FeO 15.88 15.83 16.44 17.92 16.02 16.60 14.30 14.56 13.64 13.34 13.73 13.64 14.18 13.97 14.37 13.18
MnO 0.29 0.30 0.39 0.33 0.37 0.35 0.40 0.40 0.43 0.42 0.37 0.32 0.50 0.35 0.36 0.52
MgO 12.47 12.61 12.16 11.03 11.80 12.40 13.51 13.13 13.48 13.71 13.31 13.91 13.67 14.02 13.29 15.25
CaO 11.86 11.84 11.49 11.77 11.67 11.87 11.68 11.71 11.86 11.85 12.08 11.97 11.71 12.61 11.86 11.63
Na2O 1.08 1.04 1.24 1.38 1.36 1.11 0.94 0.68 0.70 0.84 0.75 0.81 0.85 0.49 0.78 0.65
K2O 0.71 0.60 0.75 1.08 0.95 0.66 0.37 0.36 0.42 0.45 0.34 0.45 0.31 0.36 0.34 0.15
Total 96.59 96.81 97.89 98.26 97.68 98.45 96.96 97.25 97.49 96.73 96.07 97.88 96.61 97.69 97.09 98.45
Si 6.904 6.995 6.894 6.643 6.785 6.925 7.150 7.207 7.117 7.509 6.932 7.417 7.298 7.392 6.977 7.301
Al(IV) 1.096 1.005 1.106 1.357 1.216 1.076 0.851 0.794 0.883 0.491 1.068 0.583 0.702 0.608 1.023 0.699
Sum 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
Al(VI) 0.315 0.322 0.342 0.365 0.351 0.331 0.294 0.346 0.396 0.870 0.000 0.910 0.283 0.263 0.000 0.000
Ti 0.053 0.039 0.087 0.087 0.130 0.058 0.086 0.078 0.091 0.065 0.063 0.087 0.037 0.017 0.052 0.016
Fe3+ 0.696 0.677 0.751 0.736 1.679 1.136 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.037 0.038 0.049 0.042 0.047 0.043 0.051 0.050 0.053 0.055 0.045 0.041 0.062 0.043 0.043 0.061
Fe2+ 1.301 1.305 1.293 1.513 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg 2.598 2.619 2.479 2.257 2.794 3.432 4.570 4.526 4.460 4.010 4.893 3.962 4.618 4.677 4.905 4.923
Sum 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000
Ca 1.912 1.899 1.830 1.893 1.865 1.879 1.848 1.853 1.862 1.945 1.840 1.956 1.859 1.973 1.791 1.716
Na 0.088 0.101 0.171 0.107 0.135 0.122 0.152 0.147 0.139 0.055 0.160 0.044 0.141 0.027 0.209 0.284
Sum 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Na 0.017 0.202 0.188 0.295 0.258 0.197 0.117 0.047 0.060 0.070 0.047 0.075 0.101 0.112 0.006 0.000
K 0.045 0.114 0.143 0.207 0.181 0.124 0.068 0.068 0.078 0.044 0.062 0.044 0.057 0.066 0.061 0.026
Sum 0.063 0.316 0.331 0.502 0.439 0.321 0.185 0.115 0.138 0.114 0.109 0.119 0.158 0.178 0.067 0.026
T (B&H,1990) 679 665 672 703 688 671 663 650 662 559 719 577
T (H&B, 1994) 682 659 654 669 661 658 677 649 644 450
P (A&S, 1995) 3.6 3.4 4.0 5.2 4.6 3.8 2.4 2.6 3.3 2.2
P (S, 1992) 3.7 3.3 3.9 5.2 4.4 3.7 2.4 2.4 3.1 3.5 1.9 4.1 1.7 1.1 1.7 −0.3
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6.1. Amphibole
Amphiboles from the two plutons are ferrohornblende according to
the Leake et al. classiﬁcation (Leake et al., 1997) as they have (Ca+
Na)BN1, 6.5bSib7.5, and NaBb0.5 (Fig. 4A). Si and Mg per formula unit
(p.f.u.) of amphiboles from the Curral de Cima tonalite and its clots
(SiN7; Mg=2.4–2.9) are distinct from those of the Lourenço
monzodiorite (Sib7; Mg=2.8–3.2), with similar Mg/(Mg+Fe2+)
ratios. Amphibole compositions of both plutons, although slightly
overlapping, approach the ﬁeld of ferro-actinolite. In the two plutons,
analyzed amphibole crystals do not show signiﬁcant chemical variation
within or between grains, but incipient zonation is observed for Si, Fe,
Mg, and Ca that increase from core to rim, and opposite trends pertain
to Ti, Al, and Mn, as expected for magmatic zoning.
Compositions of the amphibole from amphibole-rich clots of the
Curral de Cima tonalite plot also in the ﬁeld of ferro-hornblende but
towardmore Si- andMg-rich compositions. They present Al(t), Ti, and
alkalis lower than values observed in amphiboles from the host rock,
likewise metamorphic amphiboles in amphibole-rich clots of mag-
matic epidote-bearing granitoids described by Sial et al. (1998) in the
Cachoeirinha–Salgueiro belt.
Amphiboles of the Lourenço monzodiorite exhibit reasonable
positive correlation between IVAl and alkalis (Fig. 4B) indicating
edenite substitution [Si+(A)vac=IVAl+(A)(K+Na)], which is also
shown by the relation IVAl+(A)(K+Na) vs. Si (Fig. 4C). Tschermak
coupled exchange is also important in these amphiboles as seen in the
plot Si+R2M1–M3 vs. IVAl+VIAl (Fig. 3D), which is responsible for
incorporation of VIAl that substitutes for divalent cations in the M1–
M3 sites (Vhynal et al., 1991). For amphibole of the Curral de Cimatonalite, exchange vectors are not well deﬁned and they differ
somewhat from Lourenço vectors. For instance, M4Na correlates
positively with Ti in Lourenço amphibole, but not in Curral de Cima
amphibole; M4Na correlates negatively with IVAl in Curral de Cima
amphiboles but there is no correlation in the Lourenço amphiboles.6.2. Epidote
Epidote in the two plutons is found in low abundance, exhibits
both magmatic and secondary textures, and only few grains meet
textural requirements for igneous origin. Among those, two grains
from each pluton were selected for chemical analyses. Epidote
associated with biotite from the Lourenço pluton presents high values
of pistacite [Fe3+/(Fe3+Al)×100] of 34% and 35%, well outside the
range speciﬁed by Tulloch (1979, 1986) for epidote formed from
alteration of plagioclase (Ps0 to Ps24) or typical magmatic epidote
(Ps25 to Ps29), but consistent with epidote formed from alteration of
biotite (Ps36 to Ps48). Anomalously, the low TiO2 contents (0.14 to
0.16%) suggest that they are primary according to Evans and Vance
(1987), who ascribe TiO2b0.2% to primary epidote.
Two grains of subhedral epidote associated with biotite from the
Curral de Cima tonalite show pistacite molar percent of 20 and 21, just
a bit outside the range of magmatic epidote according to the criteria of
Tulloch (1979, 1986), and within the compositional range of epidote
phenocrysts (i.e. true magmatic epidote) in dikes from Front Range of
Colorado studied by Dawes and Evans (1991). A third grain that seems
to be formed at the expenses of plagioclase has Ps14, compatible with
values of secondary epidote according the Tulloch´s criteria (op cit.).
This way, the chemistry of epidote further conﬁrms what has been
supposed on textural grounds.
Table 3
Representative microprobe chemical analyses of epidote, allanite and titanite from the Lourenço monzodorite (loure) and Curral de Cima tonalite (ccima).
Sample loure 30 loure 30 ccima 2 ccima 2 ccima 2* loure 30 loure 30 loure 40 loure 40 loure 50 loure 11 ccima 4
Mineral Epidote Epidote Epidote Epidote Epidote Allanite Allanite Allanite Titanite Titanite Titanite Titanite
Location Core Core Core Core Core Rim Core Core Core Core Core Core
SiO2 36.18 36.79 38.03 37.96 38.00 28.05 27.97 28.60 SiO2 28.55 29.05 28.40 29.63
Al2O3 19.92 20.27 25.87 25.40 27.57 14.24 12.01 11.78 Al2O3 0.96 1.23 1.01 1.89
TiO2 0.14 0.16 0.02 0.10 0.00 0.81 2.51 2.05 TiO2 37.01 37.42 36.67 36.96
Fe2O3 17.14 16.70 10.05 10.43 7.08 13.08 13.96 12.35 FeO 1.20 1.46 1.51 0.65
CaO 22.28 22.13 23.46 23.45 23.73 9.16 8.19 7.84 MnO 0.17 0.13 0.07 0.10
ThO2 0.06 0.00 0.00 0.00 0.00 1.16 1.71 1.44 MgO 0.00 0.00 0.00 0.00
MnO 0.19 0.08 0.15 0.33 0.14 0.25 0.38 0.62 CaO 26.18 26.64 25.63 27.00
MgO 0.02 0.00 0.01 0.04 0.00 0.53 1.23 0.94 K2O 0.00 0.00 0.00 0.00
Y2O3 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.03 BaO 0.09 0.09 0.02 0.03
Ce2O3 0.00 0.03 0.08 0.06 0.12 9.17 10.25 10.77 Nb2O5 0.21 0.32 0.55 0.22
La2O3 0.00 0.00 0.00 0.00 0.04 5.91 8.04 6.71 ZrO2 0.00 0.10 0.13 0.00
Total 95.94 96.15 97.68 97.75 96.67 82.37 86.26 83.13 La2O3 0.48 0.39 0.40 0.00
Si 2.9908 3.0196 2.9995 2.9992 2.9996 2.9995 2.9505 3.0907 Ce2O3 1.45 1.20 1.60 0.42
Al 1.947 1.9607 2.4046 2.3646 2.5645 1.7947 1.4926 1.5002 Total 96.31 98.03 95.98 96.91
Ti 0.0085 0.0097 0.0012 0.0059 0 0.065 0.1987 0.16666 Nb 0.005 0.008 0.013 0.005
Fe 1.0658 1.0314 0.5963 0.6199 0.4207 1.0525 1.1084 1.0041 Si 0.983 0.981 0.981 0.998
Ca 1.973 1.9462 1.9822 1.9844 2.0068 1.0492 0.9254 0.9075 Ti 0.959 0.951 0.953 0.937
Th 0.0011 0 0 0 0 0.0283 0.0411 0.0355 Zr 0.000 0.002 0.002 0.000
Mn 0.0135 0.0057 0.0103 0.0219 0.0095 0.023 0.034 0.057 Al 0.039 0.049 0.050 0.075
Mg 0.0018 0 0.0014 0.0042 0 0.0842 0.1941 0.1511 Fe 0.035 0.041 0.044 0.018
Y 0.0007 0 0 0 0 0 0.001 0.0014 La 0.006 0.005 0.005 0.000
Ce 0 0.0008 0.0023 0.0017 0.0034 0.3587 0.3959 0.426 Ce 0.018 0.015 0.020 0.005
La 0 0 0 0 0.0011 0.233 0.3218 0.2674 Ca 0.966 0.964 0.949 0.975
Total 7.996 7.9742 7.9977 8.0018 8.0056 7.6879 7.6544 7.6076 Mn 0.005 0.004 0.002 0.003
pistacite=(Fe/(Fe+al) × 100) 35 34 20 21 14 Mg 0.000 0.000 0.000 0.000
Ba 0.001 0.001 0.000 0.000
K 0.000 0.000 0.000
Total 3.018 3.025 3.011 3.017
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Allanite is only observed in the Lourenço monzodiorite where it
occurs as euhedral reddish brown prismatic zoned crystals. Many
grains show metamictization that makes the mineral more susceptible
to alteration, which is commonly accompanied by hydration. The
analyzed allanite crystals here are rich in LREE, as are most igneous
allanites (Gieré and Sorensen, 2004) with La2O3 ranging from 5.91 to
8.04% and Ce2O3 from 9.17 to 10.77%. Lack of analyses of REE other than
La and Ce besides hydration may account for the low microprobe-
determined sum of oxides in these analyses. TiO2 of two grains stand
out for their high contents (2.1–2.5%; Ti=0.17–0.21 apfu), in the range
for allanites of rocks from anorogenic and/or extensional settings
(Vlach and Gualda, 2007). Another analyzed grain has Tib0.2 apfu in
the range for allanite of rocks formed in compressive settings.
Titanite is a common accessory phase, more abundant in Lourenço
where it occupies around 2%modal volume, and occurs as large euhedral
crystals, up to 1 mm long. Analyzed grains are enriched in LREE, although
less than in allanite (La2O3=0.30 to 0.47%; Ce2O3=1.20 to 1.60%), andTable 4
Sm–Nd, Rb–Sr and O isotope analyses of whole rock and minerals from the Lourenço mon
ttn=titanite; bio=biotite; qtz=quartz.
Sample (147Sm/144Nd) (143Nd/144Nd) εNd(0) εNd(T) tDM (87Sr/86Sr) (87Rb
loure 1 0.0939 0.511545 −21.28 −13.72 1.89 0.70945 0.210
loure 2 0.0914 0.51136 −24.93 −17.15 2.09 0.71171 0.191
loure 3 0.0929 0.511469 −22.76 −15.13 1.97 0.70959 0.151
loure 10 0.0923 0.511498 −22.20 −14.52 1.93 0.70878 0.207
loure 29 0.0889 0.511466 −22.82 −14.89 1.91 – –
loure 30 0.0865 0.511555 −21.09 −12.98 1.77 – –
loure 40 0.0918 0.511522 −21.73 −14.01 1.89 – –
ccima 1 0.1128 0.512167 −9.15 −2.52 1.31 0.71959 1.096
ccima 2 0.1055 0.512032 −11.78 −4.58 1.41 0.71329 0.748
ccima3 – – – – – – –
ccima8 – – – – – – –in Curral de Cima La2O3=0.0 and Ce2O3=0.42. Being that La and Ce in
titanite and allanite are respectively as much as 500 times and 1400
times greater than in corresponding whole rock, these two minerals
control the magmatic fractionation of LREE.
7. Conditions of crystallization
7.1. Oxygen fugacity
Experiments performed by Holdaway (1972) and by Liou (1973)
on the system CaO–FeO–Al2O3–SiO2–H2O–O2 at 2 and 5 kbar
indicate a strong dependence of thermal stability of epidote on
oxygen fugacity. For fO2 buffered to NNO (nickel–nickel oxide), the
breakdown reaction of epidote intersects the granitic solidus at
5 kbar, and at fO2 buffered to HM, epidote stability is increased down
to 3 kbar. Pistacite of Curral de Cima epidote (Ps20–21) suggests
crystallization between NNO and QFM buffers (Liou, 1973), whereas
pistacite of Lourenço epidote (Ps34–35) is compatible with crystal-
lization at higher oxygen fugacity. The presence of the assemblagezodiorite (loure) and Curral de Cima (ccim) tonalite. Zrc=zircon; amp=amphibole;
/86Sr) εSr(0) εSr(T) δ18O(zrc) δ18O(amp) δ18O(ttn) δ18O(bio) δ18O(qtz)
80 70.26 55.36 – 5.78 4.79 5.03 9.60
92 102.34 89.67 6.52 5.45 5.04 4.64 9.07
36 72.25 64.29 6.52 5.63 4. 92 4.65 9.47
36 60.75 46.24 – – – – –
– – – – – – –
– – – – – – –
– – 6.88 5.39 4.92 5.01 10.15
03 214.19 87.50 – 7.78 – 7.93 11.46
67 124.77 41.49 8.4 8.04 8.53 7.92 12.70
– – – 9.07 – 8.01 12.75
– – 8.1 9.01 8.89 7.27 12.65
Fig. 3.Whole-rock chemistry variation diagrams for the Curral de Cima and Lourenço plutons. Fields of (G) are from Peccerilo and Taylor (1976). Rare earth elements are normalized
against chondrite values of Evensen et al. (1978). Major elements in wt.%; trace elements in ppm. Fe2O3T = all Fe as Fe3+.
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requires fO2 slightly above the QFM buffer further conﬁrms these
oxygen fugacity conditions. Magnetite occurs at low abundance in
both plutons, but experiments by Schmidt and Thompson (1996)
showed that at higher fO2 (NNO or HM) magnetite is replaced by
epidote as Fe3+-bearing phase. Magmatic epidote-bearing magne-
tite-free granitic rocks are common in other belts of the Borborema
province (e.g., Sial et al., 1999, 2008). Fe/(Fe+Mg) in amphibole is
another indicator of fO2 conditions (Anderson and Smith, 1995),
being 0.41 to 0.48 in Lourenço pluton and indicate oxidizing
conditions.7.2. Temperature
We estimated zircon saturation temperatures using the equation
of Watson and Harrison (1983), which takes into account the Zr
content of the whole rock. Calculated temperatures, which are 856 °C
to 840 °C for Lourenço and 821 °C to 795 °C for Curral de Cima.The
Lourenço temperatures are in the range estimated for magmatic
epidote-bearing granitoids from the Cachoeirinha–Salgueiro terrane
(Sial, 1993), and close to themean temperature of hot granites (Miller
et al., 2003) that suggests a minimum initial magma temperature at
the source. Average temperature (806 °C) Curral de Cima is ca. 30 °C
higher or lower than the mean temperature for hot and cold granites
(Miller et al., 2003).Solidiﬁcation temperatures were calculated from the semi-
empirical thermometer of Blundy and Holland (1990) and Holland
and Blundy (1994), applied to chemical analyses of coexisting
plagioclase and amphibole. The calculation is pressure-dependent;
we adopted pressures calculated from Schmidt's (1992) Al-in-
hornblende barometer. Beyond this, the compositions of amphibole
and plagioclase ﬁt all of Holland and Blundy's (op cit.) applicability
criteria. Estimated temperatures (Table 2) using the two equations
above are 703° to 661 °C (BH; average 685 °C) and 682° to 644 °C (HB;
average 660 °C) for Lourenço. Estimated temperatures for Curral de
Cima are more variable, from 663 to 559 °C (average 622 °C) and from
677 to 644 °C (average 657 °C) using these equations. Likely, Al
reequilibration between coexisting amphibole and plagioclase during
sub-solidus cooling accounts for the lower temperatures (and also
pressure as discussed below) determined for this pluton.7.3. Pressure
Total Al-in-hornblende is a pressure indicator in calc-alkalic granitic
rocks in the presence of the buffering equilibrium assemblage: quartz+
hornblende+plagioclase (oligoclase or andesine)+K-feldspar+
biotite+titanite+magnetite (or ilmenite) (Hammarstrom and Zen,
1986; Hollister et al., 1987, Johnson andRutherford, 1989; Anderson and
Smith, 1995). In both plutons, all of these phases are present in a single
thin section, except that magnetite is very rare in a few samples.
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hornblende barometer, Fetot/(Fetot+Mg) ratio in amphibole should
beb0.65. This ratio for amphibole from the Lourenço pluton is in the
range 0.41–0.48, and for the Curral de Cima tonalite this ratio is 0.35–38.
Pressures (Table 2) thus calculated using Schmidt's (1992)
calibration vary from 3.3 to 5.3±0.6 kbar (average 4.4 kbar) for the
Lourenço pluton. The Anderson and Smith (1995) calibration, which
incorporates temperature dependence, yields similar 3.4 to 5.6 kbar
values if the temperature is calculated from Holland and Blundy
(1994) thermometer. Whereas average pressure values are similar,
the range calculated by either equation is~2 kbar, which suggests that
amphibole has a complex history of crystallization. From this we infer
initial crystallization at depth and a rather high magma ascension rate
(suggested by the presence of magmatic epidote) before ﬁnal
crystallization. Sial (1993) and Sial et al. (2008) found a similar
2.2 kbar variation for quartz monzodiorites from the Boa Ventura
pluton, and a 1.6 kbar variation for the Conceição pluton in the
Cachoeirinha–Salgueiro belt adjacent to the Alto Pajeú terrane.
For the Curral de Cima tonalite, the estimated solidiﬁcation
pressure is variable, up to 4.1 kbar (Schmidt, 1992 calibration) or
lower 2.2 - 3.3 kbar (Anderson and Smith, 1995 calibration). As shown
above, the composition of epidote is compatible with its crystalliza-
tion at higher pressure near the NNO buffer. A ﬁrst interpretation of
this picture is that epidote crystallized at higher pressure whereas
hornblende is a near-solidus crystallized phase. Estimated tempera-
ture of crystallization for hornblende–plagioclase pairs in this pluton
is lower than expected for near-solidus phases in tonalite magma.
Both low temperature and pressure could be explained either: (a)
exchange of Al between coexisting hornblende and plagioclase during
cooling, or (b) some analyzed amphibole are pseudo-fractional
crystallized (amphibole disaggregated from amphibole-rich clots
derived from the source reacted with the host magma).8. Isotope geochemistry
8.1. SHRIMP U–Pb zircon age
Zircon grains from the Lourenço monzodiorite (sample loure 30)
show strong oscillatory zoning and are simple euhedral to subhedral
crystals with rare, small cores. Sixteen of the 19 analyses cluster on
concordia with an age of 577.2±3.8 Ma (Fig. 5A). Three analyses fall
outside this group: number 13.1 is a core, number 15.1 is a zoned
core/magmatic mixed analysis, and number 17.1 has a high U
concentration and has lost Pb.
Most zircon data (13 out of 20) for the Curral de Cima tonalite
(sample ccima 4) cluster on concordia and yield an age of 618.3±4.9 Ma
(Fig. 5B). Brito Neves et al. (2008) obtained similar age (623±4.1 Ma)
using TIMS U–Pb in zircon. Older grains (n=4) yield ages up to 760 Ma,
and are interpreted to be inherited zircon. Three younger grains have
ages around 557 Ma, interpreted as discordant even though petrograph-
ically they are similar to other grains. Rocks of the Curral de Cima pluton,
which is emplaced next to the Patos shear zone, have been strongly
affected by shearing. They showmagmatic foliation and also weak solid-
state foliation that is parallel to the shear zone, where movement is
believed to have started at ca. 590 Ma. During emplacement, the Curral
de Cima magma could have been contaminated by zircon from the local
host rock and from more ancient sources that lie at depth.
8.2. Sr and Nd isotopes
Initial 87Sr/86Sr ratios, back calculated to the 577 Ma concordant U–Pb
zircon age of the Lourenço monzodiorite, vary from 0.7077 to 0.70783.
Values of εNd (at 0.58 Ga) vary from−12.65 to−16.84, and Nd model
ages range from 1.89 to 2.09 Ga (Fig. 6A, C, D). These data suggest a long
crustal residence time for themagma source rock. For the Curral de Cima
Fig. 5. U–Pb Concordia for the Curral de Cima tonalite (A) and Lourenço monzodiorite
(B). Data-point error ellipses are 68.3% conﬁdence (1s).
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TDM ages are 1.31 and 1.41 Ga, and initial 87Sr/86Sr is 0.7067 and 0.7099
(Fig. 6B, C, D). Negative (- 3.6) to slightly positive (1.5) εNd values were
reported by Brito Neves et al. (2008) for these tonalites. Values of εNd in
Curral de Cima tonalite and in host gneisses are quite different (Fig. 6B).
Epidote-bearing tonalites and granodiorites from the nearby Cachoeir-
inha–Salgueiro belt (Ferreira et al., 1998), and meta-igneous rocks from
the western Alto Pajeú terrane (Kozuch et al., 1997) record Nd model
ages around 1.1–1.4 Ga.
8.3. Oxygen isotopes
Values of δ18O of mineral separates vary little from sample to
sample within each pluton, but is more homogenous and lower in the
Lourenço monzodiorite. They are in the expected order for equilib-
rium, i.e. δ18O biotitebamphiboleb titanitebzirconbquartz, except for
two biotite samples from the Lourenço pluton and one titanite sample
from the Curral de Cima pluton (Fig. 7).
Mineral–mineral fractionations suggest diffusive isotope exchange
at high temperature. δ18O (titanite) from the Lourenço monzodiorite
averages 4.92±0.10‰, whereas for the Curral de Cima tonalite it is
higher and more variable (8.71±0.25‰). Otherwise, δ18Omineral values
in the two plutons are more similar (~2.9‰ average difference). In the
Lourenço pluton, Δ(zircon–titanite) is 1.68±0.25‰ (1σ), which
however is larger than expected for equilibrium, estimated to be
0.88‰ at 800 °C (King et al., 2001). Fractionation between titanite andcoexisting minerals is more variable and even reversed (Table 4).
Titanite is a refractory phase that closes to isotopic fractionation at high
temperature; likely amphibole and biotite have experienced post-
magmatic exchange as these minerals are often open to oxygen
exchange during cooling and/or alteration (Cole and Chakraborty,
2003).
Average oxygen isotope fractionation between quartz and zircon is
2.92±0.36‰ in the Lourenço monzodiorite, which yields an apparent
equilibration temperature of 677 °C (using A-factor from Valley et al.
2003), suggesting magmatic equilibration between quartz and zircon,
and limited exchange between quartz and other minerals during
cooling until the quartz closure temperature. This mineral fraction-
ation however is larger for the Curral de Cima tonalite, indicating the
quartz did not preserved magmatic values.
Valley et al. (1994) demonstrated that δ18O of early-crystallized
zircon is extremely resistant to later resetting through diffusion or
inﬁltration of ﬂuid from external sources. This facilitates an empirical
relationship among δ18O(zircon), δ18O(whole rock), and SiO2(whole
rock) (Lackey et al., 2008), the latter two variables being positively
correlated. Thus δ18O(zircon) and SiO2(whole rock) data can be used
to infer the value of magmatic δ18O(whole rock) even in the presence
of subsequent isotope exchange involving major rock-forming
minerals. We applied the empirical relationship for Lourenço
monzodiorite zircon (δ18O from 6.5 to 6.9‰) and whole-rock SiO2
(58.7 to 63.0 wt.%) to infer magmatic whole-rock δ18O (7.6 to 8.2‰,
averaging 7.8‰). For the Curral de Cima tonalite, δ18O(zircon) values
of 8.1 and 8.4‰, and whole-rock SiO2 (64.5 to 66.4 wt.%) provides
calculated magmatic whole-rockδ18O values of 9.6 and 9.8‰.
Calculated δ18O(magma) differs by ~1.9‰ between the two plutons;
the magma sources differed signiﬁcantly.
9. Source rocks and petrogenetic considerations
9.1. Curral de Cima
Several lines of evidence suggest both igneous (I-type) and
metasedimentary (S-type) sources for the Curral de Cima pluton,
according to the criteria of Chappell and White (1974). These rocks
have low magnetic susceptibility (average 0.23×10−3 SI), which are
typical of S-type granitoids as described by Ishihara (1977) and
Takahashi et al. (1980). However, I-type magmatic epidote-bearing
Borborema granitoids also have low magnetic susceptibility
(b0.5×10−3 SI) because epidote is the Fe3+-bearing phase (Sial
et al., 1999).
The Curral de Cima tonalites are peraluminous rocks, but do not
contain any of the typical minerals, such as muscovite or cordierite.
On the contrary, they contain biotite, calcic amphibole and titanite,
which are typical of metaluminous calc-alkalic granitoids. However,
as pointed out by Barbarin !999), geochemical criteria for classifying
granitoids should be used only with caution because of chemical
convergence. The Curral de Cima can have acquired peraluminous
compositions after amphibole fractionation, a reasonable explanation
as amphibole-rich clots armoured by amphibole fractionated by the
host magma are common features in these rocks.
The mineral phases of Curral de Cima tonalite, the presence of
amphibole-rich clots, and obvious juvenile component (average
εNd=−3.55, this work, average −1.0; Brito Neves et al., 2008),
point to an I-type source. The calculated δ18O(whole rock) (average
9.7‰) value for the Curral de Cima tonalite is high for I-type derived
magmas although it is close to the accepted I-type limit (δ18O=10‰;
O'Neil et al., 1977). In spite of the small amount of data, the
consistency of zircon δ18O values suggests that these values are
probably preserved at the time of mineral crystallization, and so are
the calculated δ18O whole-rock values.
The presence of amphibole-rich clots leads ones to consider the
hypothesis that the Curral de Cima tonalite is formed by partial
Fig. 6.Nd and Sr isotopic data for the Curral de Cima and Lourenço plutons. I- and S-type ﬁelds are from Harmon et al. (1984). Fields for other mEp-bearing plutons are from Sial et al.
(1999).
198 V.P. Ferreira et al. / Lithos 121 (2011) 189–201melting of amphibolites. Ferreira et al. (2003) and Sial et al. (1998)
interpreted amphibole-rich clots in calc-alkalic magmatic epidote-
bearing granitoids from the Cachoeirinha–Salgueiro belt, similar to
the Curral de Cima tonalite, as being transported metabasaltic source
rock fragments. This hypothesis is sustained by experiments by Beard
and Lofgren (1991) that indicate that mildly peraluminous to
metaluminous granodioritic to tonalitic melts can be obtained by
dehydration melting (no water added) of amphibolites (metabasalt).
It remains to be explained the high δ18O values of the basalt source
rock. Geochemical data and Sr and Nd isotopes show that is
improbable that the Curral de Cima unenriched magma suffered
crustal assimilation. This implies in that source rock was already 18O-
enriched by the time of partial melting. A potential mechanism forFig. 7. Oxygen isotope compositions of coexisting minerals from thelevating the δ18O values of the source rock without affecting the Nd
isotopic system and whole-rock chemistry is hydrothermal alteration
of oceanic crust basalt. Normal mantle-derived magmas have δ18O
values of 5.7±0.5‰ (Harmon and Hoefs, 1995) and mantle zircons
have δ18O value of 5.3±0.3‰ (Valley et al., 2005). Pillow basalt-
sheeted dike complexes of the upper part of oceanic crust can have
δ18O (w.r.) valueN9‰ as result of seawater-hydrothermal alteration
at b250 °C (Muehlenbachs et al., 1986). Therefore this model could
explain the high δ18O values of the Curral de Cimamagma as inherited
from alteration oceanic crust basaltic source before partial melting.
High initial 87Sr/86Sr (average 0.708), in the range observed for Sierra
Nevada tonalites derived from mixtures of mantle-derived material
and altered oceanic crust (Lackey et al., 2008), is also compatible withe Curral de Cima tonalite (A) and Lourenço monzodiorite (B).
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because the initial ratios are modestly elevated by alteration relative
to the mantle value (McCulloch et al., 1980).
9.2. Lourenço
Low values of magnetic susceptibility of the Lourenço monzodior-
ite, 0.2×10−3 to 0.75×10−3 SI, correspond to ilmenite-series
granitoids, which are characterized by low fO2 according to Ishihara
(1977), and to the classiﬁcation of S-type granitoids (Takahashi et al.,
1980). Recall, however, that the role of Fe3+ tied to epidote in the
absence of oxide minerals can modify a set of otherwise conventional
criteria.
The mineralogical, petrographic and geochemical characteristics
of the Lourenço monzodiorite suggest that they are amphibole-rich
calc-alkaline granitoid in the Barbarin's (1976) classiﬁcation which
has a dominant mantle component. However, the mineral phases of
Lourenço monzodiorite, moderate MgO and Cr, high Sr and Zr, low
Rb and Rb/Sr ratios are consistent lower continental crust compo-
sition. Furthermore, Nd and O isotope data indicate a supracrustal
component in the source rock. Zircon crystallized from mantle-
derived magmas has δ18O=5.3±0.4‰ (Valley et al., 2005) and
signiﬁcant deviations of δ18O(zircon) from the mantle value are
result of magma interaction with supracrustal materials (Valley
et al., 2005), that could be a sedimentary rock (10–30‰) or altered
volcanic rock (up to 20‰). Values of δ18O Lourenço magma (average
7.8‰) indicate that magma was mildly evolved. This data together
with high εSr (46–90), strongly negative εNd values (average
−14.6) and old Nd model age (1.92 Ga) are compatible with
magma derivation from recycled lower crustal source.
A viable mechanism for triggering partial melting in the lower
crust is underplating of maﬁc magma (e.g., Furlong and Fountain,
1986; Huppert and Sparks, 1988). Lourenço monzodiorite and its
dioritic enclaves although have same major phases present ﬁeld
relationships and major element chemistry that support the hypoth-
esis that they are coeval but genetically unrelated, and the enclaves
are product of crystal fractionation of mantle-derived magma.
Coexistence of intermediate to felsic and diorite magmas is a feature
common to many metaluminous epidote-bearing plutons from the
Alto Pajeú terrane, such as Tavares (e.g., Sial et al., 2008; Weinberg
et al., 2001), and Campina Grande (Almeida et al., 2002). The
petrographic and isotopic characteristics of the Lourenço monzodior-
ite are similar to those for the Campina Grande granitoid, a pluton
about 50 km SWof Lourenço that has the same crystallization age, and
for which a lower crust of amphibolite composition was regarded as
source rock (Almeida et al., 2002). Nd model ages between 2.0 and
1.8 Ga have been registered in other Late Neoproterozoic high-K calc-
alkalic granitoids from the Transverse Zone and have been interpreted
as representative of a metasomatic event in the lithospheric mantle
(Guimarães et al., 2004).
10. Geodynamic implications
Magmatic epidote occurs both in some younger (0.58 Ga Lourenço,
Campina Grande and Esperança) and in all (over 20) older (0.65–
0.63 Ga) plutons in the Transversal Zone (Ferreira et al., 2004),
although it is more abundant and better preserved in the oldest
plutons. Survival of magmatic epidote is possible only when upward
magma transport from the deep crust is rapid (Brandon et al., 1996).
This condition is more likely attained in the peak of metamorphism,
during themain stage of an orogenic cycle than towards the end of the
cycle. Associated metamorphism during the major phase of the
Brasiliano cycle in the Alto Pajeú terrane has not been systematically
studied, but mineral assemblage of metasedimentary rocks indicate
that it occurred under amphibolite conditions. Bittar (1999) estimat-
ed the peak metamorphic conditions for the São Caetano complex, atthe western part of the Alto Pajeú terrane, at P=4.4±1.0 kbar and
T=700 °C. Leite et al. (2000) reported a concordant titanite age of
612±9 Ma for orthogneisses intrusive in this complex, interpreted as
the age ofmetamorphism. These conditions arewarmer than a normal
continental geotherm (Brown, 2008), and associated with ductile
deformation as registered in regional ortho and paragneisses as well
as migmatites, would be enough to allow magma to have fast
emplacement, which prevented epidote dissolution. Epidote is not
common in the younger (b0.59 Ga) plutons because of the cooler
conditions after the peak of metamorphism.
Late collision is characterized by a gradual change of motion from
perpendicular to the collision zone to transcurrent motion, which is
initially achieved by ductile deformation, while the collision is still
hot, and is superseded by brittle fracturing (Shackleton, 1986). This
tectonic scenario is proposed for the Transverse Zone, in which high
temperature metamorphism, large transcurrent shear zones, and
intense magmatic activity are its major characteristics (Neves et al.,
2006, and references therein).
Asmain late Neoproterozoic granitic intrusions are associatedwith
shear zones (see Fig. 1), granitic plutons in the region can be classiﬁed
according to their relationships with the transcurrent shear zones as
pre-kinematic, early-kinematic and syn-to late kinematic (Neves
et al., 2006). In this scheme, all 0.65–0.62 Ga plutons (including the
Curral de Cima tonalite) are pre-kinematic, while the younger plutons
(including Lourenço pluton) are early- and syn-to late- kinematic. The
0.59–0.57 Ga plutons mark the change from a low-angle tectonic
event to transpressive deformation (Neves et al., op cit.), a condition
that would have allowed tapping of different rocks that would be
source of magmas geochemically diverse from the younger (0.65–
0.62 Ga) granitoids. As discussed above, the geochemical character-
istics of the Curral de Cima and Lourenço plutons point to their
derivation from diverse sources of different ages.11. Concluding remarks
The 618 Ma Curral de Cima tonalite and the 577 Ma Lourenço
monzodiorite in the eastern Alto Pajeú terrane, northeastern Brazil,
are examples of magmatic epidote-bearing plutons. Whole-rock
major and trace elements, mineral chemistry, and isotope data for
these rocks point to important differences in their source rock ages
and compositions, and conditions of crystallization. Major, trace, and
isotope chemistry indicate that the major rocks of the two plutons
probably followed similar differentiation trends but formed from
compositionally distinct sources, and crystallized under different P-T
conditions.
The Curral de Cima magma formed after partial fusion of a
hydrothermally altered metabasaltic source, while the Lourenço
magma resulted from partial melting of amphibolitic lower crust
source, triggered by underplating of basaltic magma.
This study conﬁrms that epidote crystallizes frommagmas derived
from a variety of source compositions and that its presence does not
require high-pressure granite solidiﬁcation. Another major question
concerning factors controlling naturally occurring epidote in inter-
mediate to felsic granitoids is why plutons of similar chemical
composition crystallized under similar pressure may or may not
contain magmatic epidote. Sial et al. (2008) attempted to answer this
question relating survival of epidote to the speed of magma ascent
(the faster upward magma transport the better the chance of epidote
survival). The present study indicates that rapid magma transport
through hot continental crust during the peak of metamorphism in
early stages of an orogenic cycle could be one of the major causes of
prevention of epidote dissolution.
Classiﬁcation in the S-I-M-A granitoid classiﬁcation scheme, or in
the magnetite- and ilmenite-series may not be suitable to magmatic
epidote-bearing granitoids.
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